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human-	mediated	 introductions	 can	 drive	 species	 distribution	 shifts.	 Ruling	 out	 the	
human-	mediated	introduction	of	a	species	into	a	given	region	is	vital	for	its	conserva-
tion,	but	remains	a	significant	challenge	in	most	cases.	The	crucian	carp	Carassius car-






















time	 in	 response	 to	 changing	 environments,	 newly-arising	 dispersal	










Ehlers,	 Johnson,	 &	Wright,	 1995;	 Grosswald,	 1980).	 However,	 the	
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current	 distributions	 of	 European	 freshwater	 fishes	 have	 also	 been	
significantly	impacted	by	human-	mediated	translocations,	which	have	
enabled	some	species	to	overcome	natural	dispersal	barriers	like	wa-
tersheds	 (Copp	 et	al.,	 2005;	 Gozlan	 et	al.,	 2010).	 Knowing	whether	
an	 organism’s	 contemporary	 distribution	 is	 the	 result	 of	 natural	 or	
human-	mediated	dispersal	can	therefore	have	profound	 implications	
for	its	management	(e.g.,	Copp	et	al.,	2005).
The	distinction	 between	natural	 or	 human-assisted	 colonization	
scenarios	is	often	difficult	to	make,	and	this	is	certainly	the	case	for	
much	of	the	fauna	of	the	British	Isles.	With	very	few	exceptions	(e.g.,	
groundwater	 invertebrates	 McInerney	 et	al.,	 2014;	 cold	 adapted	




freshwater	 fishes,	 this	was	made	 possible	 by	 connections	 between	
English	and	Continental	river	systems	in	Doggerland,	the	land	bridge	
which	 existed	between	 southeast	 England	 and	Continental	 Europe.	
However,	 this	window	of	 re-	colonization	opportunity	was	 relatively	
short,	as	Doggerland	was	inundated	at	around	7,800	YBP	when	sea	
levels	 rose	 due	 to	 the	melting	 of	 the	Weichselian	 ice	 sheet	 (Coles,	
2000).
After	the	 loss	of	the	Doggerland	 land	bridge,	 the	only	means	by	
which	 freshwater	 fish	 species	 (and	 indeed	many	 other	 species	 lim-
ited	to	land	or	freshwater)	could	colonize	the	UK,	precluding	the	very	
unlikely	 possibility	 of	 fertilized	 eggs	 being	 transported	 by	migrating	
waterfowl	(for	which	no	empirical	evidence	exists,	to	our	knowledge),	
would	 have	 been	 via	 human-	mediated	 introductions.	 The	 earliest	
known	record	of	 live	 fish	 translocations	 into	 the	UK	was	the	move-
ment	of	common	carp,	Cyprinus carpio,	into	the	southeast	of	England	





UK	under	 two	hypotheses;	 if	native,	 then	natural	 colonization	must	
have	occurred	 prior	 to	 7,800	YBP,	 if	 introduced,	 then	 realistically	 it	








thought	 to	 be	 native,	 such	 as	 silver	 bream	 Blicca bjoerka	 (L.),	 ruffe	
Gymnocephalus cernuus	 (L.),	 burbot	 Lota lota	 (L.),	 and	 spined	 loach	
Corbitis taenia	(L.)	(Wheeler,	1977,	2000).	Archeological	evidence,	that	
is,	C. carassius	pharyngeal	bones	found	at	a	single	Roman	archeological	
dig	 site	 in	 Southwark,	 London	 (Jones,	1978;	 Lever,	 1977),	 also	 sug-
gests	that	the	species	has	been	present	in	the	UK	almost	2,000	YBP.	
In	 contrast,	 however,	 Maitland	 (1972,	 2000,	 2004)	 suggested	 that	
C. carassius	was	introduced	to	south	east	England	along	with	C. carpio 
in	the	15th	century,	due	to	its	absence	in	literature	(e.g.,	Walton	1653	




































as	 in	 this	 study.	Recently,	 these	 challenges	have	been	overcome	by	









Doggerland	 land	 bridge.	We	 use	 this	 method,	 along	with	ABC	 and	
highly	polymorphic	microsatellite	markers,	to	test	the	status	of	C. car-
assius	 in	England.	Specifically,	we	 test	 three	possible	alternative	hy-
potheses	 for	 the	C. carassius	 colonization:	 (1)	 all	English	populations	
originate	 from	 natural	 colonizations	 from	 Continental	 Europe	 more	
than	7,800	YBP;	(2)	all	English	populations	were	introduced	by	humans	







2.1 | Samples and molecular methods
The	 samples	 used	 in	 this	 study	 include	 257	 C. carassius,	 from	 11	
populations	 from	 southeast	 England,	 three	 Belgian	 populations	 and	
one	German	 population	 (Table	1,	 Figure	1).	 These	 represent	 a	 subset	





C. carpio	 (L.)	and	Carassius auratus	 (L.)	 (Jeffries	et	al.,	2016).	Population	
structure	analyses	of	 the	Europe-	wide	dataset	 in	 Jeffries	et	al.	 (2016)	
showed	 that	 the	 four	 Continental	 populations	 in	 the	 current	 study	
are	the	most	closely	related	(out	of	49	populations	from	12	countries)	
to	 those	 in	 England.	 These	Continental	 samples	 fall	 at	 the	 end	of	 an	
isolation	 by	 distance	 gradient	 that	 exists	 in	 Europe,	 which	 resulted	
from	 their	 east-	to-	west	 recolonization	 of	 Europe	 from	 glacial	 refugia	
(Jeffries	et	al.,	2016).	It	is	therefore	highly	likely	that	these	populations	
contain	 the	 genetic	 variation	native	 to	 these	 regions	 and	 are	not	 the	
result	of	long	distance	human	introductions	themselves.	Thus,	if	English	








First,	 the	 data	 were	 tested	 for	 allele	 dropout	 and	 the	 presence	 of	
null	 alleles	 using	Microchecker	 (Van	Oosterhout,	Hutchinson,	Wills,	
&	Shipley,	2004).	FSTAT	v.	2.9.3.2	(Goudet,	2001)	was	then	used	to	
check	for	linkage	disequilibrium	(LD)	between	loci,	and	to	calculate	FIS 
and	deviations	 from	Hardy-	Weinberg	 equilibrium	 (HWE)	 for	 all	 loci	
and	populations.	Genetic	diversity	within	loci	and	populations	was	es-
timated	using	Nei’s	estimator	of	gene	diversity	 (He)	 (Nei,	1987)	and	





and	 permutation	 tests	 (2,100	 permutations)	were	 used	 to	 calculate	








Codea Location Country DIYABC Pool Drainage
Coordinates
N Hobs Hexp ArLat Long
GBR1 London UK UK3 River	Thames 51.5 0.13 9 0.11 0.08 1.33
GBR2 Reading UK UK3 River	Thames 51.45 −0.97 4 0.03 0.03 NA
GBR3 Norfolk UK UK2 UK 52.86 1.16 7 0.16 0.08 1.48
GBR4 Norfolk UK UK1 UK 52.77 0.75 27 0.12 0.13 1.26
GBR5 Norfolk UK UK1 UK 52.77 0.76 14 0.13 0.18 1.3
GBR6 Norfolk UK RM UK 52.54 0.93 20 0.22 0.17 1.55
GBR7 Norfolk UK UK1 UK 52.9 1.15 24 0.15 0.38 1.44
GBR8 Hertfordshire UK UK2 River	Thames 52.89 1.1 37 0.16 0.15 1.43
GBR9 Norfolk UK UK1 UK 52.8 1.1 27 0.09 0.17 1.27
GBR10 Norfolk UK UK1 UK 52.89 1.1 14 0.21 0.16 1.69
GBR11 Norfolk UK UK2 UK 52.92 1.16 20 0.18 0.09 1.55
BEL1 Bokrijk Belgium BELG River	Scheldt 50.95 5.41 13 0.15 0.20 1.42
BEL2 Meer	van	Weerde1 Belgium BELG River	Scheldt 50.97 4.48 12 0.19 0.11 1.48
BEL3 Meer	van	Weerde2 Belgium BELG River	Scheldt 50.97 4.48 8 0.16 0.20 1.47
GER2 Münster Germany FFG River	Rhine 51.89 7.56 21 0.4 0.19 2.37
257
aCodes	correspond	to	those	in	Jeffries	et	al.	(2016).
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2013)	package,	Adegenet	v1.6	(Jombart	&	Ahmed,	2011),	was	used	to	
test	for	isolation	by	distance	using	a	Mantel	test.	Lastly,	we	used	the	
Hierfstat	package	 (Goudet,	2005)	 in	R	 to	quantify	 genetic	 variation	
(FST)	at	four	hierarchical	levels	of	population	isolation,	the	population-	
level	 (separate	 ponds	within	 countries),	 the	 country-	level	 (between	
Belgium	 and	 Germany),	 the	 landmass-	level	 (between	 England	 and	
Continental	Europe)	and	also	at	the	level	of	the	DIYABC	pools	used	
(described	below).	 In	 the	 latter	 case,	 hierarchical	FSTs	were	used	 to	
validate	the	population	poolings	used	for	the	DIYABC	as	in	Pedreschi	
et	al.	(2014).












13	 to	88;	we	 therefore	 tested	 the	power	and	error	 rates	at	 sample	
sizes	of	4,	12,	20,	28,	36,	60,	and	80.	For	the	magnitude	of	divergence,	
we	tested	cases	where	FST	was	0.001,	0.005,	0.01,	0.05,	0.1,	and	0.3.	










ing	population	divergence	where	 it	exists.	For	 the	purposes	of	 this	
study,	a	high	type	 II	error	 rate	would	result	 in	an	under	estimation	
of	divergence	between	C. carassius	populations.	We	also	estimated	
the	Type	 I	 (α)	 error	 rate	 in	 the	 data,	which	would	 represent	 cases	





F IGURE  1 Discriminant	Analyses	of	Principal	Components	(DAPC)	analysis	of	Carassius carassius	in	northwest	Europe	showing	similar	genetic	
composition	of	English	and	Continental	populations.	Individual	cluster	assignments	are	shown	in	the	left	panel	with	the	pool	to	which	they	are	
assigned	denoted	by	the	colored	bars	to	the	far	left.	Pool	colors	correspond	to	map	locations	and	to	the	DIYABC	scenario	schematic	in	Figure	3
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distributions	to	provide	a	 likely	date	for	the	arrival	of	C. carassius	 in	
the	UK.
To	reduce	the	number	of	scenarios	to	be	tested,	we	grouped	pop-
ulations	 in	 DIYABC	 analyses	 into	 pools	 of	 populations	with	 shared	
history,	a	method	also	employed	by	Pedreschi	et	al.	(2014).	To	inform	
these	poolings,	it	was	first	necessary	to	perform	a	fine-	scale	popula-








Based	 on	 the	 results	 of	 the	 DAPC	 analysis,	 populations	 were	











most	 importantly,	 the	parameter	priors	 for	 the	divergence	 times	be-




for	 the	oldest	 split	 between	English	and	Continental	European	pop-
ulations	was	set	 to	4,000–10,000	generations	 (equivalent	 to	8,000–
20,000	 YBP,	 assuming	 a	 mean	 generation	 time	 of	 2	years	 (Tarkan,	
Cucherousset,	Zięba,	Godard,	&	Copp,	2010;	Fig.	S1:	scenarios	1–6).	
To	 test	hypothesis	 (2)	 that	English	C. carassius	were	 introduced	after	
the	15th	century,	the	same	prior	was	set	to	10–1,000	generations	(2–
2,000	YBP,	scenarios	25–44),	which	very	conservatively	encompasses	






window	 of	 10–2,500	 generations	 (20–5,000	 YBP,	 scenarios	 7–24).	
Analyses	were	performed	in	a	sequential	manner,	whereby	a	summary	
statistic	datasets	million	datasets	per	scenario	were	first	simulated	in	





FST	 and	Nei’s	 distance	 for	 all	 loci.	 For	 scenarios	 including	 admixture	





To	 reduce	 computation	 time,	 simulated	 datasets	 were	 grouped	
according	to	the	hypothesis	they	represented	(i.e.,	(1),	(2),	or	(3))	and	
these	groups	were	separately	compared	 to	 the	observed	data	using	
both	 approaches	 offered	 in	 DIYABC,	 logistic	 regression	 and	 “direct	
estimate.”	The	latter	of	which	is	a	count	of	the	number	of	times	that	
a	given	scenario	simulates	one	of	the	closest	datasets	to	the	real	data-






















from	 1.26	 (GBR4)	 to	 2.37	 (GER2)	 and	 correlated	with	Ho	 (adjusted	
r2	=	0.543,	 p	=	0.001).	 FIS	 showed	mild	 inbreeding	 in	 several	 British	
populations	(GBR3,	GBR4,	GBR8,	GBR9)	a	Belgian	population	(BEL3)	




were	significant	 in	GBR1	and	GBR2,	although	sample	sizes	 in	 these	
two	populations	are	small	and	may	not	represent	the	true	level	of	het-
erozygosity	in	the	population	(Table	1).


















3.3 | Population structure in England, 
Belgium, and Germany
Pairwise	 FST	 among	 populations	 showed	 that	 structure	 was	 weak-
est	 (FST	=	0.0)	between	 the	 two	Belgian	populations	BEL2	and	BEL3,	
strongest	(FST	=	0.736)	between	GBR2	and	GBR4	(Fig.	S2)	and	followed	
a	weak	IBD	pattern,	being	significantly	associated	with	geographic	dis-
tance	 (adjusted	 r	=	.248,	p	<	.001,	 Fig.	 S4).	 Population	 differentiation	
was	found	to	be	significant	in	all	pairwise	comparisons	when	using	the	











ture.	Hierarchical	 assessment	 of	 population	 structure	 using	Hierfstat	
confirmed	 this	 and	 supported	 the	 population	 groupings;	 with	 the	
pools	accounting	for	a	large	amount	of	the	genetic	variation	between	
individuals	 (Fpools	=	0.244,	 p =	.001)	 with	 the	 remaining	 within-	pool	
variation	being	low,	though	still	significant	(FInd/pools	=	0.142,	p	=	.001).	
Population	and	country	assignments	also	explained	significant	amounts	
of	the	genetic	variation	(Fpop =	0.36,	p = .001; Fcountry	=	0.154,	p = .001);	
interestingly	 however,	 the	 landmass	 to	 which	 an	 individual	 was	 as-
signed	(Continental	Europe	or	England)	explained	none	of	the	variation	
between	individuals	(Flandmass	=	–0.04,	p = .482).	Taken	together,	these	








in	 order	 to	 reliably	 inform	 our	 DIYABC	 poolings,	 we	 incrementally	
dropped	 the	 number	 of	 clusters	 to	 four	which	 better	 reflected	 the	
large	 scale	 patterns	 of	 genetic	 differentiation.	 Seven	 principal	 com-
ponents	and	two	linear	discriminants	were	retained	in	this	final,	four-	
cluster	 DAPC	 analysis	 (Figure	1).	 The	 resulting	 inferred	 population	
structure	showed	that	many	of	the	English	populations	showed	higher	
similarities	 to	 Continental	 populations	 than	 to	 neighboring	 English	
populations.	For	example,	GBR1	and	GBR2	were	extremely	similar	to	
Belgian	populations,	and	GBR3,	GBR6,	GBR	7,	GBR8,	and	GBR11	were	
more	similar	 to	populations	 in	northern	Germany	 (Table	1,	Figure	1).	
However,	GBR4,	GBR5,	GBR9,	GBR10,	all	 in	north	Norfolk	 (eastern	
England),	showed	some	distinctiveness	from	Continental	populations.
3.4 | Testing the native status of Carassius carassius 
in England
For	 the	DIYABC	 analyses,	 populations	were	 grouped	 into	 six	 pools	
on	 the	 basis	 of	 the	 above	 DAPC	 results	 (population	 structure	 and	
poolings	shown	in	Figure	1).	 In	most	cases,	 it	was	clear	which	popu-
lations	were	most	 similar	 to	each	other	and	 thus,	how	pools	 should	
be	chosen.	However,	DAPC	results	showed	complex	structure	among	
a	subset	of	UK	populations	(GBR3,	GBR6,	GBR7,	GBR8,	and	GBR11,	








demographic	 reconstruction	 in	 this	 region;	 however,	 it	will	 have	 no	
impact	on	the	reconstruction	of	the	split	between	UK	and	continental	
European	populations,	which	is	the	primary	question	in	this	study.
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Scenario	42	(Figure	3)	had	prior	constraints	on	the	split	between	
English	 and	 Continental	 populations	 (t11)	 of	 10–1,000	 generations	
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ously	 suggested	 that	C. carassius	were	 native	 to	 England,	 the	 phar-
yngeal	bone	 found	at	a	Roman	excavation	site	 (Jones,	1978;	Lever,	







where,	e.g.,	 in	C. carpio	 (Yue	et	al.,	2007),	mice	 (Dallas,	1992),	sheep	
(Crawford	&	Cuthbertson,	1996)	and	humans	(Ellegren,	2004))	would	






populations	more	 recently	 than	 they	did	 from	other	English	popula-
tions	(Figure	3).	Indeed,	these	populations	are	known	to	be	managed	
and	 therefore	 have	 likely	 been	 stocked	 in	 the	 recent	 past;	 GBR1	
being	a	conservation	pond,	and	GBR2	a	fish	farm.	Based	on	these	re-
sults	 it	 is	 likely	 that	 these	 fish	 came	 from	 recently	 imported	 stocks	





















&	 Carvalho,	 2005;	 Sayer	 et	al.,	 2011).	 Therefore,	 stocks	 of	 imported	
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C. carpio	may	have	also	contained	some	C. carassius.	Irrespective	of	the	
initial	 motivations	 however,	 intentional	movements	 of	C. carassius es-
pecially	 in	north	Norfolk	have	since	been	common,	predominantly	 for	












the	arrival	 time	of	C. carassius	 in	England	was	even	more	 recent	 than	
the	DIYABC	estimate	of	population	divergence	 time.	Conversely,	 it	 is	















populations,	 in	 particular	Norfolk,	which	 is	 thought	 to	 have	 been	 a	
stronghold	 for	C. carassius	 in	 the	 past	 (Ellis,	 1965;	 Patterson,	 1905;	
Sayer	 et	al.,	 2011).	 It	 is	 therefore	unlikely	 that	 there	 are	unsampled	

























assius?	There	has	been	a	call	 recently,	 for	a	 change	 in	 the	conserva-
tion	paradigm,	moving	away	from	the	unfounded	assumption	that	all	






ter	 fish	 introductions	have	been	 shown	 to	have	detrimental	 impacts	
on	the	native	ecosystem,	whereas	many	provide	significant	ecological	
and	economic	benefits	(Gozlan,	2008;	Schlaepfer,	Sax,	&	Olden,	2011),	
and	 sometimes	 replace	 ecosystem	 services	 lost	 in	 extinct	 species	




attempt	 to	assess	 this	due	 to	 the	assumption	 that	 they	were	native,	
however,	available	studies	show	that	C. carassius	are	widely	associated	
with	 species-	rich,	 macrophyte-	dominated	 ponds	 (Sayer	 et	al.,	 2011),	
which	 are	 extremely	 important	 ecosystems	 for	 conservation	 (Oertli,	
Joye,	Castella,	Cambin,	&	Lachavanne,	2002).	There	is	no	evidence	that	
C. carassius	negatively	impact	these	habitats,	unlike	C. carpio	(Miller	&	
Crowl,	 2006),	 and	despite	 concerns	 that	C. carassius	may	 impact	 the	
threatened	great	 crested	newt	 (Triturus cristatus,	 Laurenti	1768),	 this	
does	not	seem	to	be	the	case	in	UK	ponds,	with	C. carassius	often	co-	
existing	with	recruiting	T. cristatus	populations	(Chan,	2010).













south	 (Deinhardt,	 2013;	Wouters,	 Janson,	 Lusková,	&	Olsén,	 2012).	
Although	the	invasive	C. auratus	is	present	and	poses	a	threat	to	C. car-
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Therefore,	 although	 our	 results	 indicate	 that	C. carassius	 is	 probably	
not	a	native	species	in	the	true	sense,	the	species	has	been	an	import-
ant	part	of	the	cultural	landscape	in	England	for	at	least	500	years.




























and	would	 therefore	be	 classified	as	non-	native.	But	 as	 its	 range	 is	
contracting,	not	expanding,	it	certainly	cannot	be	viewed	as	invasive.	
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